A study to evaluate the effects of dietary fumonisin B, was conducted using 6 ponies (4 test and 2 control). A ration naturally contaminated with fumonisin B, was fed in 3 phases: 1) 44 ppm fumonisin B 1 , 2) less than 1 ppm fumonisin B 1 , and 3) 88 ppm fumonisin B,. All ponies were monitored daily, weighed weekly, and limit fed at a rate of 0.8% body weight plus hay. Feed intake was measured daily, and a serum chemistry panel was completed once or twice weekly. Four to 7 days after initiation of the trial (Phase l), all 4 test ponies had decreased feed consumption, and selected serum chemistry parameters were markedly elevated. On day 9, 1 pony died acutely with mild encephalopathy and hepatic necrosis. Another pony, euthanized on day 45, also had mild encephalopathy and hepatic necrosis. The remaining 2 test ponies continued the 44 ppm fumonisin B, diet for 98 days. Phase 2 consisted of a diet with < 1 ppm fumonisin B, for 120 days. During this phase, the serum chemistry values of the 2 ponies returned to normal. Following Phase 2, the 2 ponies were fed a diet containing 88 ppm fumonisin B 1 . After 75 days, 1 animal died of equine leukoencephalomalacia with mild hepatic necrosis. On day 78, the remaining pony was euthanized after showing distress; it also had leukoencephalomalacia and hepatic lesions.
Equine leukoencephalomalacia (ELEM) has been recognized since the mid-1800s and has long been associated with the ingestion of corn contaminated with Fusarium moniliforme. Recently, fumonisin B 1 (FB 1 ), a mycotoxin produced by F. moniliforme, was shown by IV injection 8 and oral dosing 6 to produce the disease. The dramatic clinical signs and extensive brain lesions, in both natural and experimental cases of this disease, have resulted in numerous reports on the neurological syndrome but with little emphasis on the hepatic syndrome. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] 13 The present study was designed to study both the brain and liver effects from consuming a diet naturally contaminated with fumonisins and to provide information to help determine safe feed levels.
Materials and methods
Experimental diet and feeding regime. Corn screenings (CS), some of which were associated with a natural outbreak of ELEM, 14 were obtained. Lots of approximately 25 kg each were ground in a Romer Mill a and mixed thoroughly. Six to 8 subsamples were taken from each lot and analyzed for fumonisins. 11 If the FB, content varied by more than 10%, the lot was remixed, sampled, and analyzed until the variance was < 10%. Using the mean FB, level for each lot, individual rations representing 0.8% body weight (BW) were prepared daily by adding CS to yellow cracked corn, alfalfa pellets b and molasses. c The ponies were conditioned for 21 days on a control diet prepared as described above without CS. During the conditioning period and through day 12 of the trial, all ponies received 400-600 g of alfalfa hay per day. After day 12, hay was offered free choice. The ponies were housed and fed separately, and unconsumed rations were recorded daily.
Experimental trial. The animal care and use protocol was reviewed by the National Veterinary Services Laboratories Animal Care and Use Committee, and the experiments were conducted in accordance with NIH publication No. 88-23, 1985. Six clinically normal ponies of both sexes and various ages were divided into the test and control groups ( Table 1) . Male and female ponies were present in each group. The ponies were observed daily. Weights, body temperatures, and the following serum constituents were measured d at periodic intervals: total bilirubin (BT), direct bilirubin (BD), alkaline phosphatase (ALP), aspartate aminotransferase/serum glutamic-oxaloacetic transaminase (ASTSGOT), and gammaglutamyl-transpeptidase (GGTP).
The test ponies were fed FB 1 -containing diets as follows: 1) Phase 1-up to 98 days at 44 ppm FB 1 , 2) Phase 2-120 days at < 1 ppm FB 1 , and 3) Phase 3 -75 days at 88 ppm FB 1 . The control ponies were fed for 280 days a diet of < 1 ppm FB 1 .
A postmortem examination was performed on each animal that was euthanized or died, and tissues were collected for microscopic evaluations. The entire brain and selected areas of liver and kidney were fixed in 10% buffered formalin, sectioned and embedded in paraffin, cut at 5 µm thickness, and stained with hematoxylin and eosin. After whole brain fixation, all brains were coronally sectioned at 5-7-mm intervals. Brain from pony 208 was sectioned grossly longitudinally into 5-7-mm-thick slabs.
Results
Fumonisin assay. The FB, detected in 17 lots of CS ranged from 61 to 160 µg/g. Fumonisin B 2 ranged from 19 to 49 µg/g and was consistently present at 32 ± 4% of FB 1 . The hay, cracked corn, molasses, and alfalfa pellets were negative for fumonisins at a detection limit of 1 µg/g. Pony no. 164 . During Phase 1, a total intake of 0.31 g of FB, resulted in death on day 9. On day 7, the pony was restless and pawing. By day 9, depression, visual impairment, mild ataxia, slight head tremors, and labored breathing were seen. Death occurred at 3 pm on day 9.
Total bilirubin was 1.7 mg/dl on day 1, 2.7 on day 7, and 13.8 on day 9. Alkaline phosphatase increased from 215 IU/liter on day 1 to 289 on day 7 and 813 on day 9. The ASTSGOT and GGTP showed similar trends; ASTSGOT increased from 235 to 4,000 IU/ liter from day 1 to day 9, and GGTP increased from 14 to 225 IU/liter for the same time period.
At necropsy, the carcass exhibited a yellow discoloration of fat deposits and subcutaneous tissue. The liver was firm and yellow with accentuation of the lobules and appeared to be somewhat decreased in size. The brain was mildly swollen with small hemorrhagic foci (0.25-0.5 cm) in the white matter of the right frontal and olfactory lobes. No other gross lesions were observed.
Microscopically, perivascular hemorrhages were evident throughout all portions of the brain and were often associated with areas of liquefactive necrosis in the white matter. The liver lobulation was completely disrupted by diffuse connective tissue proliferation in the periportal areas bridging to adjacent lobules and periportal areas. There was mild bile duct proliferation and focal mononuclear cell infiltration into the periportal areas ( Fig. 1 ). Adjacent to foci of bile duct proliferation were numerous cells with large karyomegalic regenerative hepatocytes often resembling incomplete ductular structures and suggestive of bile duct proliferation.
Hepatocytes throughout the centers of lobules contained single and multiple cytoplasmic vacuoles, often with a single vacuole predominating (Fig. 2 ). Hepatocytes in various stages of degeneration and necrosis associated with hemorrhagic foci comprised the remainder of the lobule. Brown, golden intracytoplasmic pigment was commonly present in hepatocytes. A mild, diffuse infiltration of mononuclear cells, eosinophils, and neutrophils was present throughout the hepatic lobule. Bile stasis was evident based on the presence of smooth, contoured golden-brown canalicular plugs.
Pony no. 166 . Feed consumption dropped from 0.8% BW to <0.3% BW on day 9 but returned to 0.8% BW on day 23 and remained there for 8 days. At day 30, feed consumption again dropped and varied from 0 to 0.6% BW until euthanasia (embutramide e ) on day 45. Total FB, consumption was 1.31 g with a daily dose of 0.36 mg/kg/day at 0.8% BW. On day 43, the animal was dull, circled aimlessly, and experienced difficulty with mastication and prehension. There was vigorous head shaking and drooping of the lower lip. On day 45, the pony exhibited apprehension, hyperexcitability, aimless circling, and head shaking and had a "wild" expression in the eyes.
The clinical chemistry parameters showed increases from baseline to maximum values at day 14. There was a gradual decrease in all parameters until day 35 when they increased again with peak values on day 38. This increase occurred 5 days after feed consumption dropped.
At necropsy, the carcass was thin and the liver was small and firm with accentuation of lobular pattern. Renal cortices were pitted bilaterally. A large ventral diverticulum of the aorta was located about 6 cm distal to the arch of the aorta. This verminous lesion was approximately 11 cm x 4 cm and was filled with a caseous yellow-red material. Roughened intimal plaques were present, and a verminous aneurysm was present in the anterior mesenteric artery. After several weeks in formalin, the brain was coronally sectioned. A malacic lesion, 10 mm x 10 mm, was located in the anterior region of the right olfactory lobe. No lesions were noted in other organs or tissues.
Microscopically, the brain showed focal areas of spongiform degeneration in the white matter. Perivascular hemorrhages and punctate hemorrhagic foci were present within the neuropil. Small areas of liquefactive necrosis were also evident in the white matter. There was significant disruption of the normal liver architectural pattern, especially around the central vein. This was characterized by swollen hepatocytes with a granular vacuolated cytoplasm. There was marked hepatocyte pleomorphism observed as eosinophilic, shrunken, and enlarged hepatocytes (Fig. 3) . A very mild increase in fibrous connective tissue with bile duct proliferation and a mild leukocytic infiltration in some periportal areas was evident. Infiltrating leukocytes consisted of a mixture of granulocytes and mononuclear cells. Fine to coarse intracytoplasmic goldenbrown pigmented granules were usually present in the hepatocytes and macrophages.
Ponies 208 and 212. Both ponies consumed the ration at varying rates for the entire 98 days of Phase white matter, measuring ap-1. Both experienced increased clinical chemistry values similar to those of the other 2 animals ( Fig. 6 ). At the end of Phase 1, these 2 ponies were placed on a diet containing < 1 ppm FB 1 for 120 days, and all clinical chemistry parameters decreased gradually to baseline levels after 45-60 days. At the end of 120 days, these ponies were placed on an 88 ppm diet. As in Phase 1, feed consumption was 0.8% for approximately 10 days; the consumption then decreased and remained variable. Clinical chemistry values increased for both animals on day 14 but not to the extent observed in Phase 1. On day 75, pony 208 was found dead, and on day 78, pony 212 showed extreme distress and was euthanized. Gross (Figs. 4, 5) and histopathological lesions in both were consistent with ELEM. Additionally, both showed moderate hepatic necrosis. Pony 212 consumed 3.56 g FB 1 during Phase 1 and 47.9 g during Phase 3. Daily doses at 0.8% BW were 0.3 and 0.72 mg/kg/day for the 2 phases, respectively. Pony 208 consumed 3.46 and 37.1 g FB 1 for the respective phases. Daily dose rates were the same as for pony 212.
Control ponies. The 2 control ponies consumed all their rations throughout the trial. All clinical chemistry parameters were within the normal ranges throughout the entire study.
Discussion
Equine leukoencephalomalacia was reproduced with naturally contaminated feed with known fumonisin concentrations. All 4 ponies in this trial were affected with hepatic and neurologic gross and histopathological lesions in contrast to previous suggestions that 1) ELEM morbidity is usually low 3,10 and 2) liver alterations are primarily involved with short-term highdose exposure and brain lesions with long-term low-dose exposure. 5, 9 Pony 164 consumed 0.31 g FB 1 prior to death in contrast to pony 212, which consumed 51.5 g during the feeding trial. The high morbidity may be a result of the subsequent exposure (Phase 3). However, ponies 208 and 212 experienced liver dysfunction in both phases, as indicated by elevations in clinical chemistry parameters.
Elevated levels of ASTSGOT in horses can be associated with acute hepatocellular damage, septicemia, skeletal and myocardial damage, and intestinal disorders, whereas increased GGTP levels suggest chronic liver disease, pancreatitis, and kidney disease. Elevated ALP levels suggest bone and intestinal disorders in young horses and chronic liver disease in older equines. The magnitude of the enzyme change does not correlate well with the degree of liver damage.
Periodic increases and decreases in values of all serum chemistry parameters and feed consumption appear to be related (Fig. 6 ). Limited information is available relevant to liver damage in horses and the consumption of naturally or experimentally F. monilifirme-contaminated feed, culture material (CM), or pure FB 1 . Some studies measured different liver enzymes and/or did not include measurement against time exposed. In 1 such case, 5 horses were fed a naturally contaminated corn diet. One horse died with ELEM and liver disease after 40 days, and the other 4 horses were euthanized after consuming contaminated feed for 104-110 days. These horses showed both macroscopic and microscopic evidence of ELEM and liver damage.' In another study, F. moniliforme CM was fed to 5 ponies for 28-79 days. 2 One pony was euthanized, and ELEM plus liver disease were diagnosed level of contaminant, individual animal differences, previous exposure, and possibly other conditions may be important factors in the appearance of clinical disease. Pony 164 had advanced liver fibrosis that was not thought to be related to consumption of the fumonisin-contaminated diet. This preexisting liver impairment may have caused pony 164 to be unusually susceptible to intoxication. thank Ron Plattner, National Center for Agriculture Utilization Research, Peoria, IL, and his colleagues for their supmicroscopically. Elevated AST and GGTP were noted in only the pony that developed ELEM, in contrast to findings in the present study.
A study with results similar to those reported here involved dosing 3 horses with F. moniliforme CM. 9 One animal developed hepatosis and brain edema, 1 had ELEM, and the other had both ELEM and hepatosis. Marked elevations in SGOT and BT were noted in both horses with confirmed liver disease. The enzyme elevations were not evaluated against time.
In a recent report, a single horse dosed IV with pure FB, developed ELEM and mild hepatosis with a mild elevation of AST and GGTP on day 8. 8 The results of this study are strikingly similar to those of the present study in that liver enzymes appear to rise abruptly after 7-10 days exposure. Data presented here support previous work and suggest FB, as an important yet incompletely described hepatotoxin in horses. The data here further indicate that liver damage can be acute.
Ponies 208 and 212 died of ELEM after consuming > 40 g of FB 1 . In contrast, the total dose of pony 164 was 0.31 g, suggesting a wide range of susceptibility. Although this experiment involved only 4 animals, data show that individuals may have extreme susceptibility or resistance to FB, intoxication; morbidity in ELEM outbreaks is usually < 50%. 3, 10 This trial was undertaken to provide greater understanding of the effects of feeding fumonisins and to provide a starting point for determining safe feed levels. This information coupled with knowledge of fumonisin levels from confirmed field cases of ELEM 12, 14 makes it possible to design trials with lower levels to ultimately determine what is safe. Although liver disease, encephalopathy, and ELEM are caused by consumption of contaminated feed, the length of exposure, port of this work. 
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